BIOCHEMICAL SOCIETY TRANSACTIONS observation temperatures were taken lower. This possibility would be consistent with a suggestion (Massey, 1973) that aldehyde oxidase contains two types of iron-sulphur centre, based on apparent discrepancies between optical and e.p.r. data from reductive titration experiments (Rajagopalan et al., 1968). Until a second e.p.r. signal is demonstrated in these enzymes, we prefer, however, to assume that there is only one type of centre present.
types of iron-sulphur centres are usually centred aroundg = 1.96, but differ considerably in line-shape and temperature-dependence. These differences are presumably a reflexion of the effects of protein environment on the centres. Blumberg & Peisach (1974) have indicated how the g-value anisotropy of the reduced two-iron centres is influenced by various distortions of the ligand symmetry at the ferrous and ferric atoms.
One way of investigating the effects of protein environment on iron-sulphur centres is to study theeffectson the properties of ferredoxinof distorting the protein by altering the composition of the solvent. Two different degrees of modification of the ferredoxin spectra can be distinguished. The first type of effects are observed as minor alterations of the e.p.r. line-shape, caused by salts or relatively low concentrations of organic solvents. These cause few, if any, detectable changes in other physical properties. These will be referred to as 'subtle' effects. The second type are those that cause substantial changes in protein conformation, which can be detected by various criteria such as circular dichroism or proton-magnetic-resonance spectra. These will be referred to as 'drastic' effects. If precautions are taken to prevent oxidation of the protein, both types of effect can be reversed by removing the distorting influence.
Subtle effkcts
(i) Two-iron ferredoxins. The two-iron ferredoxins of plants and algae have a characteristic rhombic e.p.r. signal in thereduced state centred at g = 1.96, which can be detected at 77°K. In the presence of organic solvents such as methanol at a concentration of 5 % by volume (Coffman & Stavens, 1970) or of 'chaotropic' anions such as 0.1 M-trichloroacetate, perchlorate or thiocyanate , the e.p.r. signal becomes sharper, with narrower line-width and a decrease in g-value anisotropy. The rather broad line-widths of the native plant ferredoxin have been ascribed to 'g-strain' (OrmeJohnson & Sands, 1973), which arises because the ferredoxin molecules have been frozen in a range of slightly different conformations and hence g values, and the spectrum is an average of these conformations. In the presence of solvents or chaotropic ions it appears that the protein has a more rigid conformation. The change in g values can be described as a decrease in the 'rhombicity' parameter of Blumberg & Peisach (1974) . The shape of the spectrum is tending towards that of the two-iron adrenal ferredoxin.
The presence of high concentrations of salts such as NaCl or (NH&S04 has the opposite effect, i.e. broadening the signal, particularly with certain higher-plant ferredoxins such as parsley (Fee & Palmer, 1971) . These salts counteract the effects of chaotropic anions and solvents (Hall et ai., 1973) .
(ii) Eight-iron ferredoxins. Ferredoxins of this type isolated from anaerobic bacteria such as Peptococcus aerogenes or Clostridium pasteurianum contain two four-iron centres per molecule, separated by a distance of 1.2nm (Adman et al., 1973) , and the e.p.r. spectra have a complex shape, probably because of coupling between the two paramagnetic centres (Mathews et al., 1974; Gersonde et al., 1974) . A further complication in the case of C. pasteurianum ferredoxin is that the spectrum is salt-dependent.
The spectrum in the presence of NaCl (Fig. lb) is different from the salt-free form (Fig. la) . The spectra in various concentrations of salt are therefore a superimposition of two forms. The effect of a low concentration of organic solvent, such as dimethyl sulphoxide, is to restore the spectrum to the 'native' form ( Fig. lc) . In producing the salt-type spectrum, Na+ or Li+ are the most effective cations and C1-or Br-the most effective anions; chaotropic anions do not seem to have a systematic effect.
A curious feature of these subtle changes in the e.p.r. spectra of two-iron and eightiron ferredoxins is that they are not accompanied by noticeable changes in other physical properties, such as optical absorption, circular dichroism or proton-magnetic-resonance spectra, which are all sensitive to various aspects of the conformation of the ironsulphur centre. A possible explanation is that the salt or organic solvent affects the structure of ice around the ferredoxin in the frozen e.p.r. samples, and hence the electronspin-relaxation time, but if this is the case, it is difficult to understand why different ferredoxins behave in different ways and why the two-iron adrenal ferredoxin does not show this type of effect at all. It seems more likely that there is a specific short-lived association of salt ions with the ferredoxins, which may be only observable when the samples are frozen in the reduced state. It has been mentioned (Hall et al., 1973 ) that salts such as NaCl have the effect of stabilizing plant and bacterial ferredoxins to heat and other denaturing treatments. This may not be directly correlated with the effects on the e.p.r. spectrum, however, since chaotropic salts at a concentration of 0.1 M also have a stabilizing effect. 
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Drastic effects (i) Two-iron ferredoxins. Changes in the spectroscopic properties of oxidized two-iron ferredoxins have been observed in the presence of high concentrations of urea or guanidine hydrochloride (Padmanabhan & Kimura, 1970; Petering & Palmer, 1970; Cammack et al., 1971) and certain organic solvents such as dimethyl sulphoxide or dimethylformamide (Kimura, 1971) . Small shifts occur in the optical-absorption spectra, and more dramatic changes in the optical rotatory dispersion and circular dichroism.
The e.p.r. spectrum of reduced spinach ferredoxin in guanidine hydrochloride solution is changed to a more isotropic signal . The changes are presumably associated with the breaking of hydrogen bonds and unfolding of the protein to a randomcoil structure. These drastic changes normally occur rather suddenly as the denaturing agent rises above a critical concentration (see Figs. Id and le), and are reversed if the concentration of the agent is decreased below the critical concentration.
If oxygen is present, however, irreversible chemical changes take place with the eventual destruction of the iron-sulphur centre (see Padmanabhan & Kimura, 1970) . The critical concentration of denaturing agent is higher in the presence of salts such as NaCl (Petering & Palmer, 1970) , which is consistent with the stabilizing effect of these salts already mentioned. The e.p.r. spectra of two-iron ferredoxins from the bluegreen alga Spirulina, and porcine adrenal, are different in line-shape, but in the presence of 80 % dimethyl sulphoxide, both proteins show similar, rather isotropic spectra (Figs. 2a and 26 ).
(ii) Four-and eight-iron ferredoxins, The unfolding of the eight-iron ferredoxin from C. pasteurianum in dimethyl sulphoxide was studied by McDonald et al. (1973) , using proton magnetic resonance. On raising the dimethyl sulphoxide concentraton above a critical concentration, which was temperature-dependent, the protein appeared to take up a random-coil structure, but the contact-shifted resonances assigned to cysteines bound to the four-iron centres were still observed, indicating that the centres were still intact.
The e.p.r. spectrum of C. pasteurianum ferredoxin undergoes a sudden change as dimethyl sulphoxide is increased to about 70% (Figs. ldand le) to a simple axial signal. This signal resembles that observed on partial reduction of the ferredoxin (OrmeJohnson & Beinert, 1969) which is ascribed to single reduced four-iron centres. However, the integrated intensity of the signal in 70% dimethyl sulphoxide indicates that both of the four-iron centres of the ferredoxin contribute to it. Electron-nuclear doubleresonance spectroscopy of this state gave similar values of the 57Fe hyperfine coupling constants to those of the native state (Anderson et al., 1975) , which is further evidence that the four-iron ferredoxins are not greatly altered. The change in the e.p.r. spectrum in 70% dimethyl sulphoxide can be explained as a loss of spin-coupling between the centres.
(iii) Other iron-sulphur proteins. The four-iron high-potential iron-sulphur protein from Chromatium, which normally undergoes a change to a higher oxidation state than the ferredoxins, in the presence of dimethyl sulphoxide produces a reduced (or 'superreduced') state (Cammack, 1973) with an e.p.r. signal similar to that observed in the four-iron ferredoxins (Fig. 3a) . Very similar spectra are observed with ferredoxins from Bacillus stearothermophilus and Chromatium in 80 % dimethyl sulphoxide (Figs. 36 and   34 , although the e.p.r. spectra of the native proteins are strikingly different. Fig. 2(c) shows the effect of dimethyl sulphoxide on the spectrum of xanthine oxidase.
This conjugated iron-sulphur protein contains eight atoms of iron and labile sulphide per molecule, as well as FAD and molybdenum. In the native state, two types of ironsulphur signal can be observed, one ofwhich is only detected at temperatures below 77°K (see Lowe et al., 1972) . In 80% dimethyl sulphoxide the spectrum at 77°K is similar to those observed in two-iron ferredoxins (Fig. 2) . No evidence for four-iron centres was detected at lower temperatures. On this evidence it appears that both types of centre in xanthme oxidase are of the two-iron type. The protein moiety of the iron-sulphur proteins can influence the type of e.p.r. signal invarious ways: (i) by distorting the structure and thereby altering theg-value anisotropy ; (ii) by spin-coupling between adjacent centres; (iii) by controlling the type of oxidation process (as in high-potential iron-sulphur protein) that the centre can undergo. It appears that in the presence of dimethyl sulphoxide these constraints are removed, and the spectra observed are characteristic of the centre. The two-iron centres give rise to an isotropic signal which is readily detected at 77"K, and becomes easily saturated with microwave power at 20°K. The four-iron centres give an axial signal which is readily detected only below 35"K, and saturated at 10°K. This procedure provides a potential method of determining whether the iron-sulphur centres in a protein are of the two-iron or four-iron type.
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